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Systems (LExNDPS)

Mission and Technology Road Map

Presentationto the’ Townes Blue Ribbon Panel

October 5/6, 1995
(Revision A- October 20, 1995)
(Revision B- November 27, 1995)

ExNPS Integration Team

Objective

* Develop along term road map to:

“...to explore (i.c., to detect and study)neighbori g
planctary systems and to characterize andimage

individual planets in {hose systems”

Study Chaiter (1/13795)
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Exploration of Neighboring Planetary Systeins (JxNI’S)

Agenda
Thursday Morning, October 5

§:45 Welcome 1. Stone
8:50 Introductory Remarks C. Townes
9:00 Iutroduction (30 yin.) Elachi
9:30 The Formation of Stars and Planets (30 min.) Boss
10:00 The Instrumental Challenge (40 min.) Brown/l .cper
10:40 Break
11:00 The Space IR Interferonieter (60 min.) Angel
12:00 Yunch

1:15 Technology Challenges (30 min.) Tenerelli

Agenda (cent’d)
Thursday Afternoon, October 5

1:45 Ground-based Element (45 min.} Tytler
2:30 Supporting Space Missions (30 min.) Beichman
3:00 Break

3:30 Road-Map and Summnary of Discoveries Elachi
4:00 implications of KxNPS (30 min.) Dressler
4:30 Recommendations (30 min.) Elachi
5:00 Exccutive Session

5:30 End of Day 1

6:30 Reception and Dinner at Athenacum

(Blue Ribbon Meinbers and Speakers)

Introduction. A - 2
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Agenda (cent’cl)
Yriday, October 6

§:30 Discussion
10:15 Break
10:30 Qutreach, Education, Advocacy (30 min.) Brown
11:30 Executive Session
12:30 Lmilch
1:15 Lab Visits (optional)
. Micro Precision Inferferometer Testbed
. Infrared Telescope Technology Testbed

. Interferometer Laboratory

Road Map 1 development Approach

HOQ Requested JP1 /Elachito develop a road map and to have it
cvaluated/modified by a Blue Ribbon Panel/l'ownes

'L, formeda JPL/STScl Team (C. Beichman) and two
competitively selected Teams (R. Angeland R. Reasenberg) to
independently develop and assess key elements of such a Road
Map

The above inputs were integrated into a single road map by an
integration tcam consisting of rescarchers fromuniversities,
industry and federal labs

This draft road niap is being presented today for review/
cvaluation/ modification by the Blue Ribbon Panel

This activity involved 135 researchers fyom 53 Universities/
Companies

Iixploration of Neighboring, Planetary Systems (ExXNPS)
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Road Map Development Approach

NASA
. Goldin
NASA
W. Huntress
Blue Ribbon Conmittec
S
C. Townes
Intepration Team
C. Flachi (Chah) \
'''' aam1 | [ Teamz T rama
C. Beichman R Angd K Reaseubery
(IPAC) (U. ol Arizona) (SAD)

Road Map integration

J ‘cam

* Chatles Elachi (Chait)
« Roger Angel

. Chas Beichman
. Alan Boss

. Robert Brown

e Alan i essie

. FreemanDyson
* James Fanson

. Christ Ftaclas

« Lawience Goad
« Mike Klein
.Alai nl.eger

. Charles Lillic

. Stan Pedle

« Deane Petesson
. Bob Reasenberg
. David Sandler

« M ike Shao

« Richard Sinon

. Domienick Tenerelli
« David Tytler

Pl

University of Atizona

Infrared Processing & Analysis Center
Carnegic lustitution

Spitce ‘1 elescope Science Inst
Car negic Observatory, Pasadena
lustitute for Advanced Studics
J'lL

Hughes Danbury Optical Systems
ltek Optical Systems

JpPL.

University of Paris

TRW

UCSB

SUNY-Stony Brook
Harvard-Siiithsonian

Thermo Trex

JPi

NRAO

1 .ockheed-Mattin

UCSD

Exploration of Neighboring, Planetary Systems (FxNPS)
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Key Guidelines from NASA 1 1Q)

¢ To explore and characterize planetary systems around the
neighboring few thousand stare with the ultimate goal of
imaging Farth-like planets

¢ Develop a streamlined road map with specific focus of direct
detection and spectral characterization

*Develop road map with a continuous flow of scientific
discoveries and technological advances vs. a single event in the
far future

.Develop a road map that capitalizes o1 other planned activities
such as SIRTF, HS't, AIM, HST follow-on, etc.

¢ Road map should cover missions, technology and ground
observations

* lixplore every possible technology
+ Be visionary but fiscally realistic

Some Recent History of the Program

+t1978  “NASA Workshops cm Ground-Based
Techniques for Detecting Other Planetary
Systems”, 1). C.Black (1980)

+1984 1.. Allen (JP1. Director) selects extrasolar
planetary detection as a key objective of JP1.
Director Discretionary J'und

+ 71988 NASA forms ‘1’01’S (Toward Other Planctary
Systems) Working Group Chaired by B. Burke
41989 NASA starts Origins SRT Program

+ 1990 NRC-ComplexReporton“QOther Planetary
systems”

+1992 TOPS Reporl issued

Iixploration of Neighboring Planetary Systems (1 :xN1*S)
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Some Recent 1 Jistory of the Program
(Cent’a)

¢ 1993 NASA approves Palomar interferometer
development as a test bed for eventual Keck
interferometer

¢ 1993/94 D. Goldin challenges the NASA science/
technology community to develop the capability
to explore neighboring solar systems

¢ 1994 NASA signs cooperative agreement with CARA
to become 1/6 parlner in Keck Observatory with
the explicit objective of supporting TOPS
research. Long term objective to couple
Keck ) and H as an interferometer

¢ 1994 NRC-Complex Report recommended infensive
scarch for extrasolar planets as key program

¢ 1995 NASA requests JPL to work with the
communily to develop the road map

Key Findings of What Can be Done

In the Foresceable Future (10 to 20 years)

SRR R

¢ Acquire “family portraits”
of 150-200 possible
planetary systemsinour
neighborhood of 13 pe
(-42 ly)sphere (1 000 stars)

¢ Characterize spectra of the :
brightest 50-1 00 of the |
detected planetary systems. e
Identify Earth-like planets E
|
F

Fxploration of Neighboring Planctary Systems (HxNPS) Introduction . A6
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Key Findings of What Can be Jone

Near Term Scientific Opportunities (1- 0 years)

¢ Indirectly detect planets from Jupiter to Farth masscs

e Ground-based techniques
Radial velocity and astiometiic

r
| <N
o N
measwrements to Uranus mass é E \1

Microlensing detection of Earth masses ) '”;\ /
¢ Space-based techniques o e

- AIM can extend ground-based astrometiy el
to lower mass and more slars }

¢ Characlerize debris-disks/zodiacal-
systems around nearby stars
¢ ]SO/SIRTE measurements
¢ Ground-based interferomeliers

¢ Direclly detect giant plancts around nearest stars
= “Super”’-Adaptive Optics onlarge 6- 10 m telescopes
¢ Balloon, HHST coronagraph

Key Findings of What Can be Done
In The Near Future (1-10 years)

¢ A robust program inadvance of major space
mission will answerkey scientific questions:
¢ Irequency of planets of various masses
= Brighiness of zodiacal clouds around other stars
¢ Further understanding of planctary formation
¢ Such a program will enable frequent discoveries to
maintain scientific, technical, public interest
¢ NASA has opportunity to enable dramatic advances
in detectionof planets
. Years of low-levelfunding (NSE, Unive rsity, . . ) setstage
for new discoveries
¢ Interferomefry and associated technologies are
centralfor achieving ExXNPS objective

Fxploration of Neighboring Planctar y Systems (ExNI'S)

Introduction « A-7
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¢ The technology to construct such a program is very
challenging bui within our reach in the next decade

¢ SIRTF will demonstrate key technologics and
provide critical data on exo-zodiacal hoht

¢ AlIM, with the appropriate configuration, could
demonstrate critical technologies for the full-up
ExXNPS interferometry concepts

¢ An expanded NASA space interferometry technology
program would address all the needed technologices
within the next decade

Iixploration of Neighboring Planetary Systems (1HxNPS) Introduction

. A8
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The Formation of Stars and Plancets

Alan Boss

Carnegie Institution

FEXNPS The Formation of Stars and Plancts. B-1
10/?()/95
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Stellar Disk and Jet Motion

: E#pﬁruéiry 1994

I Rolative Size of
o . Solar System

Stellar Disk and Jet Motloh «HH30. ~ HST . WFPC2
PRC9S-24b « ST $c1 OPO » June 6, 1995 - C, Burrows (ST Ecl),NASA - - -

Modern 1ira of 1'1 anetFormation Theory

- U e v
ARADIMIYA NAU K 8681
INSTITUT FIZIKD ZEVUD IMEND O Yo SHIMIDL A

AC demy of Scic ¢ of the USSF
Shmidiintituteot theFhys s of thetarh

v .s. Saftonov

EVOIL.UTION OF THE
PROTOPLANETARY CLOUD
AND FORMATION OF THE
EARTH AND THE PLANETS

(tvalyutsiya doplanetoopo oblaka i obrazovarae Zemdid planed

Tzdatel” sivo "Nauka,
Motkbun, 180
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FXNPS

Sequence of Events in
Terrestrial Plancet Region

Sequence of Events in
Giant Planet Region

The Formation of Sta rs and Plancts. B-3
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EXNIPS

Collisional Accumulation in the
inner Solar System
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LxXNDPS

Some Key Questions for the Theory of
Planctarv Formation

¢ llow prevalent arc planetary systems like ourown? 1S there any
reason to believe that the formation of our solar system was
unusual?

¢ Are Jupiler-mass planets rare? Do protoplanctary disks
generally dissipate priorto giant gas planctformation?

6 Are Neplune-mass and Earth-mass planets common? Does
planctesimal accumulationinev itably lead to the formation of
rocky inner planets like Farthandicy outer plancts like
Neptune?

¢ Canplanets be detectedin binary or multiple stellar systems?
On what orbits do they occ us?

¢ What arc the physics] properties(c.g., densily, temperature) of

1<

protoplanetary disks? How do they evolve? How do they
dissipate?

Post-1it Residuals of Pulse Arrival Times
Pulsar PSR B 1257412

Ilanct Distance Orbitat
) o Mass From Pulsar Period
Cou 1 (M) (ALY (days)
/' . .\ : R ’ ] — T
e 3 0.01%/sind; 0.19 25.34
e E
! ;'v‘ ‘3“/‘ -
3 \ S0 Bdlsing, 0.36 66.51
I3 \L' /’I Aj
S -
S L B
i 3
/ N, 1 28ind, 0.47 98.22
\ K
AN
.
A
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IxNPS

Particles around B Picloris.
These parlicles are the source
of exo-zodiacal emission
which can be brighter than
planets in the infrared.

1.6 Mg,

10,600 K

5,000 K
The Hertzsprang-Russell diagram
estimates the age of B Picloris.

The Formation of Stars and Planets - B-6
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The Instrumental Challenge

Robert A. Brown
Space Telescope Science Institute
and
Alain Léger

University of Paris

Introduction

¢ IxNPS program will decisively address two
outstanding issues left over from the Copernican
Revolution of 500 years ago:
1. What is the Solar System’s place among planclary systems
around other stars?
2. Are there other worlds like Barth?
¢ The ExXNPS ground-based program addresses Issuc 1,
as well as the existence of Tarth-mass planets
¢ The ExXNPS space-based program addresses Issue 2,
the plurality of worlds

LEXNDPS

The Instrumental Challenge o (-1
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FXNIS

Overview

¢ This presentation provides the basic COHCGptS for the
ExXNPS program
* What stellar populationis being targeted?
1000 stars within about 13 parsces or 42 light years
¢ What is a planct?
mass, and orbit
* Wha[ is an larlh-like planet?
mass, size, atmosphere

¢ What are the signals from planets, the techniques to abserve
them, and the information they convey?
effects on the star (indirect techniques)

planetary radiation(direcitechniques)

1000 Stars

¢ T'he nearest 1000 stars comprise the primary scarch
space for planets
* Largest astrometric displacements
e Greatest separations for directimaging

¢ Most light for directimaging andradial velocity
measurements

¢ 315k nownsiars within 10 pc (13 new since 19971; 24
candidates in 1995)

o4 A stars, 6 ¥ stars, 22 G stars, 47 K stars, 219 M stars, 17
white dwarfs

« 60% of G starsand 40% of Mstarsareinbinaiy systems with
solar-system-scaleorbits

« 226 stellar systems

The Instrumental Challenge o C-2
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1000 Stars (cont’d)

¢ The inventory of stars is incomplete beyondb5 pc

¢ Lstimate 130 “missin g” systems within 10 pe, mostly M
dwarfs

e With multiplicity, expert 500starsin10pcor1000 within
13 pc
¢ The 1000 nearest stars have a special place, and
should be studied intensively todetermine their
peculiar properties as they may influence and inform
planetary scarches
¢ Ages (luminosity of cooling gasgiant planets)

e Stellar activity (velocity fields ant] phot ocenter
displacement)

« Rotation periods (inclination 10 the line-of-sight)

e Circumstellar dust (exo-zodiacal emission)

1000 Stars (cont’d)
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ExNPS

What Is A I'lane{?

¢ The genetic definition of “planct” is the most
scientific: a planet is any object that forms by
accretion in a circumstellar disk

¢ Circular, coplanar orbitsarethe signature

characteristic of planctary systems.
J)ue to viscous damping of eccentricity in the protoplanciary
disk

¢ All EXNPS search techniques exceptthe microlensing
survey- —-directand indirect- will determine orbital
shapes, orientations, and alignments to certify
“planetary” status

¢ If orbit is circular, the object is a presumptive planet

Pl anctary Systems

¢ Other planetary systems

<

¢ To learn about planet

should be flat and

circular like the Solar AR
System. This is because -
the viscosity of the
protoplanctary disk X
should damp cceentric, %

inclined orbits. 3 ",
Multiple star systems- f

including brown dwarf "
companions- - dispiay a )
wide range of K ¢ Gi Oy

eccentricity. " ' ' ’ ! !

Solar Systen Flanets

logy (M7ing (Sun- )

forming in the general

coniext of star formation, Adapt edfram: Dugueninoy, A, and Mayor, M(1990) . Doplicity of
w e muststudy the rovcedimen o Xt | orapcon Hesion ol At b Neting of the
klnematlcal Structure (‘f 1AL, 1050 (1 d M Vasquer; Cambiidge University Press) A
other planctary systems.

The Instramental Challenge o C-4

10/20/95

SEE IR SEN IR GBI BN SN NN Mgy NS Ea  mmm g S s sy



Plancts
|

¢ Tlanets accrete in disks, 5
whereas stars and brown A
dwarfs condense in i 4
collapsing?, molecular Flanots Brown ¥ atas
clouds. Divarfs

3

¢ Small or mature plancts ,” /
reflect starlight mainly, © e W
and they are hot or cold oo
depending on their K P St
distance from the star. ;= | [

¢ large gas planets (and?® .
browndwa fs) emit go
excess thermal radiation
dueto gravitational
contraction. At an early L T S A
agc, this class of objects sy e
can be quite luminous. logMes s (dupter=2)

poonk

Solar SystemITuxes from 10 Parsccs

¢ Spectral energy distributions 0f planets have two
components

¢ Reflected sola 1 radiation:
-stellar flux X albedo X radius¥orbit?

e Thermal radiation: g Sun -
~B(Teff, A) X radius? 7 T
6
¢ Direct detection 18 o Z
more favorable in ¢ 3 .

- ) uptter.
thermal than in O It«n/hyI// )
reflected light . e Utamys

-2 T
o 1000x more 3 Tl
favorablesiar/planci :g /
flux ratio ¥ P
0.1 1 A (microns) 10 100
ExNIPS The Instrumental Challenge ¢ -5
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What is an L'arth-like Planet?

¢ Mars, Barth, and Venus are all “1 larth-like”
(terrestrial) planets
¢ Smallsiz.e and mass compared to gas giants
b Atmospheric mass small compared to solid body
¢ Solid surface
¢ Various albedos
Mars (17) dirt
Farth (.33) cloud cover, oceans

Venus (71) cloudcover

What is anlarth-like Planct? (cont’d)

¢ Specira provide information about atmospheric
composifion
« Specira of solar system planets display wide variety
¢ The 10-micron spectral region is particularly diagnostic

¢ A resolution of 10-20 is adequate {o deiect carbon dioxide,
ozone, water

< CO, says an atimosphere exists
< (3, (ozone) indicates O,, which begins with biological
photosynthesis on Earth

e 11,0~ -if the planet is in the “habitable zone”- indicates
liquid water

< Habitable zone defined by temperature range compatible
with liquid water

1 he Instr umental Challenge . C-6
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Whatls The, Habitable Zonc?

¢ Liquid waier is believed {0 be advantageous for the
emergence of life

¢ Surface temperature between0and100C defines
habitable zone for 1 atmosphere surface pressure

¢ Temperature determined ‘c
by balance between ; s

4 s ,’0/ L XX
e Stellar brightness / s
* Distance from star KO e
e Albedo ¢
¢ Strengthorgreenhouse = °“ R
. . B TOAL LOTK RADIVS
effect s
0361 EEER AN Y

JUPITER SYSTEN
C.001 0.0 ] 1 ¢

DISTANCE (AU)
irom Kasting 1994

Planetary Atmospheric Spectra

280 1 T venus
- {N\"
N~ YT NCO,
240
w 200
§ H20 " ~h Earth
T 280
b f)i ‘
E). g
& a0 Os
280 N S_—
Mars
240
200
160 [
6 s JO 14 2(1
Wavelength, ym
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FxNDPS

]’lane Scarch Methods

Class Mcthod Technique
Astrometry Measure wobble Mass
of star Semi-major axis

Fecentricity
Inclination

I Radial velocity Detect doppler Mass
* e shift of stellar Semi-major axis
Indirect spectra Liccentricity
/ Occultations Photonetry Sermi-major axis
/ Size
/ Microlensing, Ihotomctiy Mass
N Angular separation
Imaging, Visible and 1R Semi-major axis

imaging of plancts Fecentricity
Inclination
Sift
1 emperature (IR)
Cotnposition

Direct

Astrometry and Radial Velocity

¢ Astrometry and radial velocity record twofacets Of
tile same phenomenon: the reflex motion of the star
orbiting around the barycenter
* Bothtechniques can quickly discover the existence of a
planctary system by detecting a simple acceleration in a
fraclion of an orbital period
o Both techniques require multiple-orbit observations to
disentlangle a multi-planct system
¢ Astrometry measures the shift in thestar position
¢ With the-stellar mass (spectial type)and distance (paraliax),
the planet mass and semi-major axis can be computed (see
graph)
o Orbit eccentricity is also determined
¢ Noise floor is set by star spots ( Imicro-arcsec = 0.002 solar
radii. @ 10 po)
¢ More mass sensitive to wider, longer period orbits

The Instramental Challenge o C-8
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ExNPS

Astrometry and Radial Velocity (cont’d)

¢ Radial Velocity measures the projecied star orbit
speed and the period

e inclination must be estimated; with starmass from spectral
type, the planet mass and semi-major axis can be compuled

s Orbital eccentricity is also deiermined

e Noisc floo1 is set by stellar velocity noise (ITm/s = 5m
p-mode and 0.1% starspotshading of rotational velocity
field)

e Morc sensitive tosmaller, shorterperiod orbits

¢ Only astromeiry andradial velocity can determine
the planet mass directly

o Astrometry achieves this withoutthe ambiguity of the
inclination angle

¢ Radial velocity measuresm/sin i

Astrometry and Radial Velocity (cent’cl)

¢ Larth-mass planets around solar typestars are an
order of magnitude below the expected stellar noise
floors for both astrometry andradial velocity

¢ Ground-based observatories can exploit both
astrometry and radial velocity to the stellar noise
limit
¢ Tm/s with10-m telescopes
© 100 micro-arcsec With 10-m telescopes
¢ 10 micro-arcsec with 100-m baselines
*Imicro-arcsec with 500-111 baselines

The Instrumental Challenge « C-9
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Solar Wobble in 65 Years

(Pole-on View from 10 pc)

indirect 1 detection of other 1’1 anets

¢ Astrometric Method ¢ Radial Velocity Method
¢ Best for larger planets « Independent of distance
¢ Decrease with distance

e L
S -~
I e -

. ' N ( Y
t (250N > ~ ) \ J
\\\‘ [ . IThd !

"
e M, L 30M Sin,

* o ia'_ o 1 B G Mg
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Microlensing By Star With Planct

Source
Star Y ens Star and Planct

1-7 kpc from Sun

e
Source e ’{ O Su”

Star NS ‘\ -
'\ -

Lens Star

Microlensing

¢ Gravitationallensingisnow a familiar astronomical
phenomenon-  stars, galaxies, and clusters of
galaxies, and scales ranging from galactic to
cosmological
¢ Star-star lensing events are now being observed at a
rate of almost 5b/year
o Typical amplification of 2-3times
« Typical duration of 4¢ days
e Linc-of-sightto the galactic bulg e is richestin - Opportunities

ExNPS

The Instrumental Challenge. C -11
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FXINDPS

Microlensing (cent’cl)

¢ secondary cvenis can occur due to planets of the lens
star
* Can bealarge effecteven for low-mass planets
¢ Best planet position is nearlinsteinring (1-4 AU)
e Occur when cither of the two moving lensedimages
approaches the planet
¢ Ivents short (2-40 hours), com plex, and spiky (due to
caustics)
*Planct mass and separation can be determined from the light
curve
¢ Microlensing events arc one-time, no follow-up
¢ ExNPS microlensing survey can detect Harth-mass
planets from the ground, before building a space
system capable of imaging them

Theoretical Model of Lens Star Amplification
(0.3M,,,) Lens Star at 6 kpc

sun

L ! | I

-« 10 Earth-mass planct

Amplification by

planetmlensing 7[111( 1 Farth-mass planct

kation

Amp*i

Lensing, by star

Days

The Instrumental milk’nge’ . (°-12
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Direct imaging

¢ Directimaging is the best pathway 1o discovering
then studying Farth-like planets

* Mustisolate planet light to study intrinsic properties
through spectroscopy
¢ Unresolved (I-pixel) images of planetary systems
will be exciting early results: planets shown “orrery”

¢ Direct imaging systems must have sufficient angular
resolution to separate the planet and the star
e Yor 1 AUl at 10 pc, characieristic size IS (A/11un) melers

sInthe ] R, break up {he ap erture (interferometer) because
collecting area of filled aperture is not required

ExXNIPS

Direct imaging (cent’d)

¢ Although planets are intrinsically faint sources,
reasonable collecting areas can detect their signal

¢ Key challenge is star-to-planet brightness contrast

~10° visible

~10¢ infrared
¢ High background contrast problem

¢ Telescope IR background, eliminated in space by cooling
Solar system IR zodiacal emission, escaped at 4-5 AU
Aberrated starlight, corrected by adaptive optics
Diffracted star light, suppressed by Fourier techniques

[

[

¢ kxo-zodiacal emission, a poorly quantified factor

The Instrumental Challenge .« C-13
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FxNDPS

Direct imaging (cent’d)
Resolving Harth-sized Planets

¢ The interferometer necededtoresolve an Larth-sized
»lanel around another star is 10°timeslarger than the
I &
onc needed to discover it
¢«10°= 10 pixels across diameter X (10'= 1 AU/Farth diameter)
¢ 1000 km baseline
e New star nulling scheme would need 1o be invented (stellar
disk resolved)

¢ Notruled out by the laws of nature, but notconsidered
feasible atthe curreni time

Resolving Distant Planets

e/  Plelsze®  Pixclogle @ . R Interferometer Requirements
Diameter  planet (lm}  10pc (arcsec) . . Area Baseline

IR 144,000,0001112 300,000 km
Vis. 1,296,000,000 m?> 5,000 ki

2.1x10?

114 640,000 1’ 24,000 kmn
Vis. 5,760,000 m’® 1,200 km

The Instrumental Challenge. (7-14

10/20/95




l Resolving Distant Planets
Interferometer Requirements
Pixel/ Pixtistze @  Pixelanglo @
I Diameter _ plaat {lon) ‘."’P“”,"?" Arca Baseline
11< 1,024 mv’ 6,000 km
l Vis. 9,216 mn® 303 kill
l LR 64 n? 2,400 kin
ws  ssao’ Vis. 576 m? 120 km
I FxNDPS The Instrumental Challenge o C-156
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The Space Infrared interferometer

Roger Angel
University of Arizona

Direct Detection lrom Space
What Arc We Looking For?

¢ Find out if nearby stars have habitable planets
¢ Use IR photometry to find size and temperature
¢ Get orbits by direct imaging (relatively fast)

¢ Search planet spectra in 1011m band for

e water  7um -> habitability o o
¢ ozone 9.51m > photosynthesis v T \\
< CO, I5um - o S/ g

» atmosphere

6

¢ Other features (IR and optical)
are much weaker

B N N N N U IR BN B I BN B B EE .

.
fog L\'}, photons m s

1ixNI‘s The Space Infrarced Interfer ometer. 1 )-1
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Planetary Atmospheric Spectra

""Venus

W

e N "VW
Mars

240

200

L | |
160 6 & 10 U

Wavelength, pm

Ozone I'races Oxygen

1070 i i ST [ 1

10 L RAITUV Screen

1018 |
«
E
&
£ 07 h
o
[
E
§
o 10"’ .
O
1018 I3 - Sta nda rdModel(s) -
Kasting and Danahue (1980) (K)
=== {evi ne ctal (1979) {1}
150 L 1 | L L |

w 5 10 1073 w2 = 1 10!
Attos phere Oxy gen, AT

ExNPS

The Space Infrared Interferometer. 1 -2

10/20/%”




LxNDS
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A Scarch Yor Planets Must Allow Yor:

¢ Possibility of multiple planets

< Several plancis of similarT10 umbrig htness, as insolar

system.

¢ Diffuse dust emission

e Integrated zodiacal emission in solar systemis 300x brighter

than Earth, mostly within 1 AU.
¢Butexpectthe unexpected

* Any deteclable planet wil 1 be interesting (e. g., self luminous
gas giantslike Jupiter around the most populous M stars)

o Telluric planets with strong CH, (7.6 um) or NH; (10.5 pim)

Survey Ncearest 1000 Stars

¢ Best candidates for habitability

.Star type
similar tosun¥3- K2
4x brighter to4x fainter
¢ Orbital distances
- Match solarconstant
0.5 AU 2 AU
« 72 optimum candidates
81 stars
44 GG stars
20 carly K stars

¢>200stars arc good general candidates

For Planets

ExXNDPS

The Space Infrared Interferometer. 13-4
10/20/95

- S SN NN EEEE — e




Instrument Performance Targetis

¢ Sensitivity toanalyze flux from an Earth out to 13 pc
¢ Resolution to isolate habitable planet light from the
star at maximum distance of 13 pc
¢ }2 star 2 AU=0.154 arcsec
e G2 star  1TAU=0.077 arcsec
¢ K2 star 0.5 AU=0.038 arcsec
¢ Spectral bandwidth - 7 to 17 um needed to detect
strongest molecular fcatures
« CO, absorption is 2.5 um wide (FWHM)and 40% decp
¢ Ozone featuare iS 0.5 umwideand .- 25% deep
* Water is 2 {mwide, low photon flux
«Note: methane requires x100beiter sensitivity/ruolution
¢ Spectral resolution
o AN = 20
o Signal-to-noise 20 needed for 56 detection of ozone and water

Instrument Size Set by Diffraction

¢ Diffraction at wavelength A and required angular
resolution o together set scale size S

S « Al
SecA /0.03S arcsec
S o 40-90 m for A -7-17 pm

¢ The actual size might be greater than 40-90 m, to get
very strong contrastto suppress star

Scale sizcisttoolarge for filled aperture.
Interferometerisrecommended

e .

ExNPS
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EXNPS

Collecting Area SctbyPhoion Noise

¢ IR photon flux from planet is not ridiculously small
o FST routinely mecasures smaller photon rates in the visible

¢ Problemis photon noise in background

Representative Photon Pluxes AN,

{Octave bandwidth at 10 wm)

Photonsfm?/scc

¢ Solar system bwinat 13 pe

e Larth twin 2.25

¢ Lxo-zodiacal emission 600

e Sun twin 8,000,000
¢ Background fluxes

¢ Telescope (F~33K) <100

¢ f.ocal zodiacal emission 60,0800

* Jmperfect star rejection

Stepsto Minimize Nonsignal Photons

¢ Eliminate atmospheric and telescope emission
<« Must be in space with mirrors at ~35K
¢ Suppress the star relative to the planets by 10°- 107
o Interferometric or coronagraphic techniques essential
¢ Overcome diffuse sky background
< Local zodiacal dusl causcs bright sky emission at 10um
¢ For I-m aperlure, local background is 10,000 times brighter
than a planet at 10 pc
¢ Possibilities for reduction

- lLarge single aperture, whose sharp diffraction Hmited planct
images will stand out against the bright sky. Requires 2 very
large diameter & 50 m)

Interferometer with large clements (~6 1)

Go out to 5 AU from the sun, (the distance of Jupiter) where
the sky is dark - can then use 1.5-m clemends

The Space Infrared Interferometer. 1 -6
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Steps to Minimize Nonsignal Photons
(Cent’d)

¢ Objectiveis to suppress thethree controllable
sources of background emissions below thelevel of
the exo-zodiacal emission

¢1{ thisobjective is met, a collecting area of -71112 can
overcome photon noise from the exo-zodiacal
emission from a twin of our solar systemat 13 pc

Summary - Practical Design Requirements

¢ Use interferometer

¢ -70 m interferometer baseline to resolve planet/star
¢ Operate at 5 AU from sun for dark 10um sky

¢ Cold 1.5-m mirror elements give adequate signal

At photon noise of exozodiacal cloud
« ~1/2 day integration will give image
e ~45daysintegration for spectira

¢ interferometer requirements
* Need to suppress stellar emission

s Needto avoid systematic crror from non-circularzodiacal
clouds

.Need todistinguish multiple planets

ExNPS The Space Infrared Interferometer . 1)-7
10/20/95”



Evolution of Interferometer Designs
Bracewell Two-Element Nulling interferometer

¢ Mirrors superpose achromatic wavefronts with®
phase differences

¢ Summed ampli tude [~
is zero across pupil N

R . { Median
¢ Airy patltern vanishes Flane

for point star on axis , —g~+| _____ U
« Signs] from off-axis l‘?"‘r,] ‘ hreeth
T

planctis {transmitted
(A phase# T H

¢ Yringes are onthe sky andnotinfocal plane
¢ Spins about axis to star
*Star remains in centralnull

» Planet signal is modulated as a function of 28 (twice the
rotation angle)

* Bracewell, 1978.

Evolution of Interferometer Designs
Nulling Interferometer

¢ Problems with two-
element nulling
interferometer
1.Finite stellar disk is
not{fully suppressed

- Null fringes too
shallow andwidely -
spaced

ﬂ” Tlanel
ST

8

2. kixo-zodiacal
emission is not
suppressed
Elliptical cloud
gives20 signal as
fringes rotate (same
as a planet)

ExNPS The Space Infrared Interferometer. | )-8
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OASLES Concept

(Univ. of Arizona)

¢ Nulling interferometer
with 4 clements in-line Y w \_I' BJ
¢ 1.incar fringes on the S

sky -— all planets pass
through maxima

¢ (?0“tra] nu]] is \'Vid(‘
and very deep

¢ Rotates like Bracewell
interferometer

Key Features of OASES Concept

¢ Interference null much broader anddeeper
¢ Sizes chosen to place first maxima at 0.037 arcsec

* Bracewell (a) 258 m
¢ 4-clement QOASES (b) 75 m
(LS St S S AL S Sl S S Sl S WA S |

Logqp Intensity
&N
~
/

4 maresec N

[E

PR W (R SRS R B L R G
006 -008 002 0 002 004 0,06

1ixXNI*s
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How the Linear Interferometer Makes a
Very Deep Null

¢Thinkof ii as a Jong and ashorl Bracewell
interferomeler superposed and with opposite phases.
At the common central dark fringe,the amplitudes
both pass through zero, but with equaland opposite
gradients. The summed gradient is then also zero

Bracewell
gccw? o \ /\J /\\/

b Oases

R -LN AVANS WAVA

QOases i .

addsin20

0 5
Pointing Angle

Other Requirements for Deep Null
Maintain Starlight Null a ~10°¢

¢ Can such mathematically perfect cancel] at ion of

the star be realized in practice? Prampleof wavefront folding
¢ The null must be achromatic feurue fube)interferonts
Path delay won’t work ‘ J/
One solution is polarization rotation \
e Interfering wavefroni phases O
must match to 2/6000 (-1.5 nm) - }
e Interfering wave front < -~|—J—

amplitudes must match ~103

* Amplitude and especially phase
control arc made possible with the and phase. The shape of
usc of a single mode spatial filtes the \}\.av;.f'mm (fm”{
such as a single mode fiber imperfectoptics) s lost.

¢ Pathlength can be controlled to nm precision using laser
metrology asinground-basedinterferometry

Shao and Colavita, 1992

Inside a single-mode fiber
there is only amplitude

The Space Infrared Interferometer. 1 )- 10
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Taking Advantage of Decp Null

¢ Long basecline can be used with no star disk “leak”
¢ Sharp, fine fringes
¢ Complex modulations from planets

¢ Allows distinction from diffuse zodiacal cloud

¢ Cloud gives smooth, low-frequency modulation
&

IIXNPS Infrared Interferometer
Ilustrative Concept

¢ Builds on the OASES concept
o 4-clement linecar interferometer
¢ 1.5-m apertures
75-m baseline R
¢ Science capability

« image planetary systems
1013 pc

* Spectroscopic study of planets
in selected systems

¢ Challenges
¢ Potential for other astronomical obser vations

o Improve suppression of em-zodiacal emission and local
zodiacal photon noise

IxNDPS

The Space Infrared Interferometer. 13-11
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ExNPS Infrared interferometer Hlustrative Concept
Image Reconstruction of 11 ypothetical Planets

¢ Signals recorded at 70 pm with Space Infrared

Interferometer for 1(1 hours 0 T E
¢ Modulation patterns 2t VNN AT

depend cm radius and bV AN AN N

- P n
*(¢) is sum of planets a AU AR
through d, all four same & A AN/

brightness as Larth booaf bl
ISR H /’\ ol | !
iy \ A\ AV

~

-

¢ (f) shows {¢) 4 photon
noise, calculated for
exo-zodiacal cloud of ﬂt[
same character as b "
solar system’s

—

an

da

Lixample
planetary  system

LxNDPS Infrared Interferometer Illustrative Concept
Image Deconvolution

¢ Pata set — intensity vs rotation for 10 bands, 7-17 im
plus random noise

¢ Method -- cross correlate the datal with the signals
T for a source at each image pixel. 20 modulation
fitted and removed {rom simulated data to minimize
zodiacal cloud signal
e Integral OVer wavelenglh is
equivalent toaddingdifferent

baselines - polychromatic image
has full UV Plane cover

i{a, By = 20, 2., Dd.0) T(e,f,4,0)

Ang el und Wool, 1995

ExNIPS The Space Infrared Interferometer. 1 )-12
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ExNPS infrared interferometer illustrative Concept
Noise and Sensitivity of Deconvolved image

¢ 10-hour integration

e 4 X1.5-melements
* Modecl system at 14 pc, resolution 0.01 5

¢ image doubling from symmetry, removable by slightof fsel
and longer integrations

e Inner radius limit is 0.06 arcsec for 75-m baseline
¢ G2 habitable zone (1 AU) resolvable to 15 pe
o K2 habitable zone (0.5 All) resolvableto 7.5 pc

ExXNPS Infrared Interferometer Hlustrative Concept
Spectroscopi c Performance

¢ SiSnal-to-noise setby aperture andzodiacalcloud
strength for Larth twin at 13 pc

* CO, detection (50) ~1 week
.O; and H,0 detection (50) ~6 wecks
¢ Assumes e
¢ 20% overall quantum | 1
efficiency .

4 ¥ixo-zodiacal cloud is % |
like solar system Bopm

¢ Sensitivity limited i
by noise from [
exo-zodiacal cloud ~

P
<

Lty

t ot Poloonboo b o e b
Y 10 11 12 mn 14 15 16

> -

Wavelen gth, Bm

e 4 x 1.5-melements

FExXNPS
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FxNDPS

ExXNPS Infrared Interferometer Hlustrative Concept
Iixample of 4-year Observing Plan

¢ 1 year: complete imaging survey of 50% of sky
¢ Identify 50 optimum habitable zone candidaies
< Identify 100 other single stars

¢ 3 years: follow up with spectral observations
¢ Observe 50 stars for CO, 1 weck cach

o Observe 12 stars for H,0 and O, 6 weeks cach

Livolution of Nulling Interferometer Concept
Darwin Concept (Proposed to ISA)

¢ 4-aperiure linear interferometer provides viable
solution, but alternate concepts are being explored

¢ Uses 2-dimensional circulararray with multipleapertureto
obtain decp interference null

The Space Infrared Interferometer. 1314
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Evolution of Nulling Interferometer Concept
Darwin Concept

¢ Odd symmetry allows sharp
distinction in rotation signals

¢ Planct 50
o Zodiacal cloud 100
< Problems with 5-clement

solution

* For some radii and wavelengths,
plancts don’t give a strong,
interference peak at any rotation

- Multiple configurations of

interferometer elements is needed
to obtain full speciral coverage

¢ Data does not yield a picture,
possible confusion of multiple
planets

ivolution of Nulling Interferometer Concept
Phase-Shifting Nulling Interferometer Concept (JP1.)

¢ Many exo-zodiacal disks could be

denser than our solar system zodiacal disk

¢ A general solution is higher angular resolution
s Planet flux in 1 pixel of the synthesized

image > than the exo-zodiacal flux
¢ Resolution imaging must remain
with 10°¢ nulling of starlight
¢ Yach 3-element array produces
a10°¢ null

e Planet light from two of these arrays is

interfered in phase and in phase
quadrature

o Resolves 26 component of
exo-zodiacal emission and 1807
ambiguity in planetary position

much brighter/

e |

Synthesized image
&

EXNDPS
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Unanswered Scientific Questions

¢ Are planets common around stars? The further wc
have to look, the bigger the instrument wec will need

¢ Brightness of 10 um zodiacal cloud of candidate stars
¢ If -solar, 4 clementinierferometermay suffice
¢ If several times solar, more elements and/o1different
configurations should be considered
¢« If baselines become excessive, separated spacccraft
architecture could be considered
¢ If cloud -100 times brighter, only interferometers with very-
large filled aperture can suppress pholon noise
¢ Distance from sun to get 300-feld reductionin local
zodiacal background - 3 AU? or 5 AU?

Key Technology Needs

¢ EXNPS Interferometer requires variety of advanced
technologies
* Large deployablce/erectable structures

 Lightwcight spacecraft with solar-electric propulsion for 3-5
AU operation

¢ Actively controlied, stable struct ures

o Interferometric metrology and beam combination
¢ Interferometric nulling

e Passive cooling to 35 K

* Very low- noise infrared detectors

¢ Agressive technology development program required
¢ <’combination of groundand space testbeds

IxNDPS The Space Infrared Interferometer .1 5>-16
10/20/95
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Conclusions

¢ If solar system is typical, we know how fo builda
system to search to 13 pc (nearest 1000 stars)
¢ Investigated how toimage extra solar planets
¢ One configuration has been studied thus far
« Other interferometer configurations should be studied
¢ Approach is believed to be resilient to anticipated
variety of solar systems and exo-zodiacal clouds
¢ As more is learned about the nature of exo-zodiacal
disks, the interferometer concept should be refined
¢ No show stoppers anticipated
¢ No major technology breakthroughs required
¢ Innext 5 years

* Develop optimum designs and technology for different
levels of sensivity
¢ Find out how typical we are

I ’xNI'S
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Technology Challenges

Domenick Tenerelli
Lockheed-Martin

Space IR-Interfcrometer Technology

¢ IixNPS is “technology rich”
¢ Advances state-of-the-artacross a broad front of space
technologies
e Within our near term reach (5-10 ycars)

¢ Will capitalize on existing programs, such as

e Space Infrarcd Telescope Facility (S1 RTF)forlow
temperature technology

s Astrometric 1 nterferometer Mission (Al M) for
interferometer technology

«New Millennium for spaceciaft technology

*NASA Solar-electric Technology Application Readiness
(NSTAR){orpropulsiontechnology

¢Inaddition, dedicated technology developmentsand
flight experiments will be needed

FXNPS

Technology Challenges .
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Core ‘1 'echnologi es

ExNPS Interferometer -7,
. ~N

Cryogenic ///
Optics 77

[}/4 \ @ .

-

Beam Control
and Nulhing

Advanced
FPropulsion

_ ) N Metering,
Vibration gt Structure
tsolation and -
Structural <~
Quicting

Active Optics Achieves Needed Precision
Underlying Metering Structure Need Not be Precise

PositionalPrecision

100 e -~
£ Metering
£ 5 Stuctary > 1z
Er w0m S B
E- Optical o
&2 L DelayLine - 1011,
52 Am S Loane Stage
a7 Optical T
FE oimf l;t‘hyqlkinr . 100 Hz

= inc Stage .
T _ Palomar testbed optical
pm mm e delay line
Precision
Collecting

ey ™ (\p( rture 0.1z
2 -
R
e
.LE & 01m - —
) Steering Mirgor -
- ¢ § 73 Tor
s s C(unc Stage 101
s
[
&
]

001 m[ .
Im Steering Mirtor - 100 Hz :
L Fine Stage i

o L Steeri ng mirror used on

pasec anee avec tiubble Space Telescope

Precision

!_E"(mvcntional approach used on groundand spacoinlorfcrmn(-tcrg—l
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Metering Structure

« Deployable option (already flownin space)

30 m Space Station segment deployment accuracy of ~Imm
* inflatable option (offers better }’ﬂ(‘kﬂ?,ing efficiency)

30 M strut deploymentaccuracy 0Of - 10 em

Needs “rigidizable” materials technology development
«“Some assembly required” option

Astronauts have assembled 14-mtrussstracturesto -1 mm
accuracy on S15-61H

Deployable (i ASTMast). Inflatable. Yo be flownon Astronaut holding asseinbled
I 1ow n onSpace Shuttie §18-16 INSTEP experiment truss atend of Shuttle arm

Vibration Isolation and Structural Quieting
1)ecouple Spacecraft Disturbances from Optical Train

¢ Reaction wheel and solar array disturbances from
spacecraft can beisolated from optical train

NIITY RIS NIRRT NS PRCNTT TN

¢ Key technologies have been o ' |
demonsirated at room temperature ; °
L
* Multi-axis vibration isolation i,

¢ Active and passive struclural damping

¢ Demonstration at 35K neceded

. s

e
PRI MIASLXID RMve il am
TODRTD R

of

|
o |
L
e

f 10! 10°
} FREQULNCY (Hp)
pre st . .
" et Modeling accuracy achieved
for Micro Precision
Interferomter testbed

Typical active vibration
isolation performance

Six axis isolation stage

"
PALIUENCT U

ExNI'S
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Beam Control and Nulling

¢ laboratory breadboard has demonstrated nullingat 10°
e Nulling al 10 *couldbe demons lratedin 2 years
¢ Required picometerlaser metrology is currently
available
* Requirement is 10-30 picometers
e State of the art is <1 picometer
e Requires flight qualification
¢ Spatial mode filter for 10-um band
¢ Mater al selection and manufacture required (no show stoppers)

)

: !
|41 —\\
{o / ‘\/
-1 /

2 A

3

1 2 3 4 s 3
Motion of opte (um)

ixisting laser metrology peifor mance

Cryogenic Optics

¢ Cryogenic (-351<) telescopes
¢ State of the art is 0.85 my, diff raction limitedat 6 um (SIRTY)
e Requirement is 1.5 m, diff ractionlimited at 2 gm
e Beryllium and Silicon Carbide offer attractive options

£

0.85 m Berylliummirror {Infrared 0.63 mreaction bonded Stlicon Carbide mntivor
1 clescope T echnelogy T estbed) (back surface shown}

Reasonable extension of SIRT |
technology for Beryllium and Silicon
Carbide within 5 years.

1 XNPS Technology Challenges. 11-4
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LixNI'S

Science Focal Plane

¢ 7-17 mmdectector noise requirements
<2 efsecdark, <8 ¢ read noise
¢ Detector options
Solid state photo-mult iplier (55PM)
O ffers zero read noise (photon counting)

L A

Extension of SIRTY Si:As a rrays
-Noise 10x too high
Quantum Well Infrared o
Photodetector (QWITP) f T
Can operate > 10K, noise  100x too high AL e
e Cryo-cooling options ;
Sorption cooler (I OK demo soon)
. Na vibration O Store’ci cryogen

Solid state photo-multiplicr

lest arrays

- Stored cryogen (USC SIRT 1'technology) 10K smption cooler
. . (compr(-ssurshmvn)
Mechanical coolers (available > 10K)
— — —

i 1 11 1
[ echnology investmentisrequired®o improve dark count by 0xin 3 years

Advanced Solar Electric Propulsion (SE])

¢ Enables new family of Farth-Venus-Venus gravity
assist trajectories fety, >

Giravity Assist

Socend Vonae
Gravity Asaist
1604

¢ NSTAR is demonstrating capability
°o. N thrust engine /
¢ 3360 sec specific impulse U e\ R

724957

Earth hson

¢ Requires 8 kW power \::/ ‘
Available inneceded

portion of new trajector

QAL
30 d 1y Ues o0 SPIC ocru't pat

*\""/

5AU

Earth-Venus- Venus gravity assist trajectory
: ; - delivers 1701 kg to 5 AUindycars using,
NSTAR 30cm Xe engine Atlas 1A launch vehicle, AV = 4.3 km/s

Technology Challenges . Y-5
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Advanced Spacecraft Components

¢ Needed spacecraft technologies are either available,
or are being developed for commercial satelliles or
New Millennium

n

Powerful lightweight computers

]

I3

Lighlweight x-band transponders

o

High output deep space solar arrays

o

Ultralight structural materials

o

Advanced lithium batierics

L

Solid state data recorders

e Autonomous star trackers

3

Solid state gyros 1
b
;
!
g.

Soltd strle gyros

hemispherical resonator shown) |

Comparison to 11ST-era Capability

¢ Power required compared to HST

1200 : - e
T
1000
§00
S 600
S E !
e i :
aaeff | :
200 | : .
i , T [ } A
B e T N VR U R S AR SR
OTA SIC & DI S/IC MS s COMM
S — i §
% fechnelogy improvements over past 10 years
i dramatically reduces power requirements

*Spacecraft attitude/control numbers included in spacecraft power need further refinement,

ExNIS
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ExNPS

Component
Cryogenicoptics
Achromaticnulling,

Laser metrolopy

Metering structure

Focal plane detectar

Passive Coaling,
Cryocooling,

Cryogenic mechanisms

Solar electric propulsion

-

Technology Summary

ExNPS Requirement

1.5 meter aperture, diffraction limit
2 poy, operational tem perature of 35K

10"
30 picometer predision

Totad span of 70 meters in 20 mieter
segments, dunenstonally stable at 35K

7-17 yrov wavelengih
<2 ¢-/seedark notse
< & e readd notse

K at 5 AU

510K (depending on detector type)

Fast steering mirrors, optical delay lines
rust operate at 35K

existence of SEP enhances mission, can
use whatisbeing developed by NSTAR

Current State-of-the-Art

0.85 meter aperture, diffraction limit
at 6 g, operational tetperature of 5K
(SIRTEF specifications)

10°

<1 picometer precision

30 meter PAST Mast deployable, flown
on Shuttle, being qualified for Station
30 meter inflatable, not space ridigizable
Irspace assembly by astronauts, §15-61
SEAS BIE (SIRTE), 520 pn wavelength
<10 ¢-/see dark noise

<Bhe-read noise

SOK at1 AU (SIRTH)

10K sorption or nuechanical coolers
Currentdesigns operate at roon
temnperature

0.1 N thrast

3360 sec speaific i pualse

& kW power

Implementation Approach

“Single-Minded” Option

¢ Dedicated precursor mission (exo-zodiacal mapper)
¢ 20-meler baseline “scale model” of Space IR Interferometer

¢ Would provide detailed 10 gm mapping of exo-zodiacal
disks of target stars

» Would demonstrate all technology components in a cold
environment (1.2)

Technology Challenges « 1-7

10/20/95



Implementation Approach
“Integrated” Option

¢ Ulilize existing missions as much as possible o
demonstrate technology

¢ SIRTT (Space infrared Telescope Facility)
Cryogenic telescope (5K)
Passive cooling (501< at1 AU)

¢ Enhanced AIM (Astrometric Interferometer Mission)
Demonstration of key technologics (at ambient temperature)

Deployable structure (--20 meters)

Faststeering mirrorand optical detay line mechanisms
- Optical nulling

Infegration of technologies intoa working space
interferometer

¢ New Millennium
Low mass spacecraft technologics
¢ NSTAR(NASA Solar Electtic Technology Application
Readiness)
0.1 N thrust Xe ion engine

Implementation Approach
“Integrated” Option (cont’d)

¢ Augment as needed with dedicated ground and space
experiments
° Ground-based demonstration
Cryogenic mechanisms
Yocalplane detectors andcryocooler

System integration and operation (using testbeds and thernnal-
vacuum chambers)

¢ Space-b ased demonstra tion

- Deployment and microdynamics of metering structure (use
lasermetrology for measurement)in cold environment

IxNPS
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Key Trade Issues

¢ Detector operating temperature vs. cryocooler
performance can have alarge impact onthe mission
design andthe need for stored cryogen

¢ A tradcexists between deployable or spacc erectable
metering structures, If astronauts are used, then a
low thrust propulsion system is requiredto lift the
interferometer from 1 ow earth orbit

¢ A trade exists between sky coverage, mission
duration, and the eccentricity of the orbit. A Jupiter
flyby may enhance sky coverage by raising
perihelion of the orbit

¢ Strength of exo-zodiacaldrives baseline length and
system architecture. Required resolution could
require separated spacecraft

Assessment

¢ All key technologies required couldbeinhandinb
to 10 years with continued vigorous technology
investment

¢ Infrared detector technology musl ve aggressively supporlod
¢ NASAsshould continue to investin breakthrough
technologies thatcould radically enhance the mission
or significantly reduce the cost
¢ Large filled aperturc optics (-50 m diameter)

e}ligh-thrust solar electric propulsion {ocnable flight from
low carth orbit

IXNDPS Technology Challenges » 1-9
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LEXNDPS

Ground-Based Flement

David Tytler
University of California, San Diego

Goals and Objectives

¢ Science goal: near-term discovery of planetary
systems

« Are planets common throug hout the galaxy?
- Whichare Most common: jupiters, Uranus’, arths
- What are the sizes and shapesof [heir orbits?

Whattypes of stars have planeis?

¢ Survey the exo-zodiacal intensity around nearby stars
(in conjunction with SIRT )

s Jmpactsdesign of Space IR 1 nierferometer

¢ Advance interferometric techniques with new
technologiesand observations

¢ Provide gcontinuous sircamof discoveries

e Starting now!

Supporting G round -Based Programs . F-]

10/20/95



Understanding Planetary Systems

¢ There have been major advances in most arcas since
the TOPS report (1992) and breakthroughs in three
arcas

¢ Narrow angic astrometry will find Uranus-mass planets
e Microlensing will test if Farlh-mass planels exist

¢« Advanced adaptive oplics will dircelly detect Jupiter-sized
planets from the ground

¢ Some of what TOPS saw as first-phase space
programs cannow be done from the ground

0.5 Jupiter-mass planet found orbiting
51Pecg (G stay) October 1995

I 1- ' 1

Radial Velocitices

Astrometry:
One 10-m Jelescope

Palomar Testbed
Interferometer

New Interferometer

Microlensing

AQ/Balloon/HST?

Space IR Interferometer” Co i !

i -
1 10 100 1000
Vonus* Uranus Ncplunc* Jupiter
Earth Saturn

I'lanet Mass (Earth Mass Units)

A The direct imaging methods are sensitive to planct size, albedo and temperature, rather than mass

PxNPS

Supporting Ground -Based Programs o 1-2
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Typical Orbital Sensitivity

Radial Velocitics E——-—

Astrometry:
One 1)-111 1 elescope

Interferometer

e——

Palomar Testbed ——
New Interferometer [ wesesmms

Microlensing, In— !

AO/Balloon/HST m———

Space IR Inl(-rfcromclc‘:

" e

Venus Jupiter  Saturn Neptune ™ °
Larth Uranus
OrbitaiRadius (AU)
L 1 Reduced Sens itivity
Numberof Stars Searched
4 i e

) [
Radial Velocities 7000,
Astrometry:

Onc 10-m Telescope 40

Palomar lestbed

60
Interferometer
New Interferometer 500
. 35
Microlensing® 00,
AO 30
Balloon . 7 o
1151 — 10LI
Space IR Interferometer! | — 50
0 100 500 1000
1 fficicn ey depends onplanetma . 19 for carthimass, 18% for Jupite rniag,
Microlensing alone uses distant stars.
h Incluges speclroscopy of detected plancyy

LIxNDPS Supporting Ground -Based Programs o 1-3
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Planect Information

Radial Velocities

Astrometry:
One 10-m Telescope

Palomar Testbed
Interferometer
New Interferometer

Microlensing

AQ/Balloon/HST

L .J Partial answers Note: Alt indirect methods, especially astrometry give
information on planct mass

Ground Based Astrometry

¢ Differential asirometry is the most sensitive indirect
method for nearby stars
e Major advances have increased astromelric sensitivity 100x

Saturn-mass planets detetctable with low-cost upgrades to
existing facilities

10 Earth-mass planets detectable with new facilities
¢ Ground-based astrometry will advance interferometer
technology
¢ Accuracy improves with good seeing, large apertures,
long baselines, and bright reference stars near bright
targets

¢ Physical limit set by star spot noise (1 as)
¢ Need 0.5 pas for delection of Farth-mass planets

IxNDPS

Supporting Ground -Based Programs o 1-4
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Accuracy of Narrow-Angle Astrometry

10,000 £ 7

3.000

1,000

SECY

o 300
2 MOBEL VALUES
g 10 SEEING = 1/2-1"
&
& 2
o
a
o -
10(,
oo RESULTS FROMTHEMARK I
e BASE LINi : 12, SCAIFLI1O
S THOUR INTEGRAT ION
1 10
il | PR N N R I S S V2 G
1 3 10 30 100 300 1,000 3,000 10, 000
SEPARALION (ARC SEC)
e . . 1 ]
Differential accuracy proportional to or -
aperture separation
Erom Shao and Colavite, 104

Single Apcrturé Astrometry

¢ Current accuracy with a(.76-m telescope is 3000 uias
per night
¢ Advantages of a large telescope
¢ Atmospheric noise between farget and reference drops

e More reference stars with sufficient photonfiux withineach
ficld

e Morcreference stars arc nearer thetargetstar
< Dem onstrated 200 uas at Palomar 5m
¢ Keck felescope (90 pas accuracy) could measure 50

nearby stars (50% M stars) todetect Uranus-mass
planets in 5-year orbits

FxINDS

Supporting Ground-Based Programs. F-5
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Interferometric Astrometry
Palomar Testbed Interferometer (P11)

¢ PT1i1s a NASA instrument
infended to demonsirate
diffcrential, narrow-angle
astrometry

¢ Dual interferometers
observe target and reference
stars simultancously ‘

¢ Fringes are tracked with L"\
moving delay lines
¢ Laser metrology controls

systematic errors over
the 100-m baseline

Palomar Testbed Interferometer
Science Potential

¢ Facility ready to begin science in early 1996
¢ Preliminary results suggest design goal will be
exceeded (50 ras/hour at 20 arcsec separation)
¢ A possible science program:
¢ Science community participation through NASA AO/NRA
process
¢ Scarch 60 stars (1, G, K) for Saturn mass planets to 5-AU
¢ Scarch a few stars for Uranus-mass plancts
¢ Survey a few wide binary stars which give 10 times
improved accuracy when both are bright
¢ Adding a third telescope for Hast-West baseline is
required for astrometry
¢ Adding two beam combiners will provide
interferometric imaging

EXNDPS Supporting Ground -Based Programs » }F-6
10/20,/95




Palomar Testbed Interferometer: First Fringes
(o Cygni - 24 July 1995)

1,?(K) - 1 L‘_._,v 1 i ] ! 10

N — =
[ — R
S0 T o
o L F-— i 6 o4
£ oot L c—
G S — E—la 5
400 - - -— {

O ! i 1 ) ! | 1 0

‘
1 une,msec

The verticalscale shows photonsper 2.5 msec time-bin vs time. The
modulation of the photon flux isduc to apathlengthmodulation of
Twave p-p in 10 msec froma piezeclectric driven mirror

New Astrometric Interferometer

¢ Aninterferometer, with four 2-m telescopes on
orthogonal 100-m baselines, will improve accuracy
e 20 nas/hy if atmospheric turbulence extrapolates to 100-m
¢ 5 uas/hrif turbulence weakens, assuggestedby both Keck
and carly P1l measurements
¢ larger apertures —> 90% of targets have areference
stars (only 1 0% for P11 0.4-m apertures)
¢ A possible science program:
¢Scarch 500 stars (5-30 tlas)for Uranus-mass planctsat >5AU
60% Mstars; 40% F, G, K stars
1 hour integration, 4 times/yeat
Telescope time sets limit of 500 stars
<Dectect some planets oni2-yearorbitsin<é years

<« Replaces bothsingle aperture and PTlastrometry

YxNPS Supporting Ground -Based Programs o -7
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Comparison of Astrometric Surveys

— o
AIM )
Assumplions
o Solar Mass Star & 10pc
- o Multiyear Observing Program
Nee o Dedicated Instruments

_ Larthemass plan ot ¢ 1AU

Astromietric © Ura nuemase planc tes AU

Interi€ronive:
(Ground-based

100

Palomar
Testbed
Intetferometer,

Single
Teles copes

Number of Stars in Program

foe et o h R vl
10 ‘ 100 1,000

Farlh Uranus

Astronctric Accut acy, pas

Radial Velocities

¢ Goal: Survey 1000 nearby stars for Jupiter-mass planets
’Extend early astrometry to 10X number of stars
o Check astrometric delection of Jupiter-rnass planets
¢ Yastestfor bright(}'}G) stars, silower on faint (M) stars and
independent of distance
¢ Current surveys: 5-10 m/s on 30stars; no Jupiter-mass
planets detected in 7 years
¢ Sensitivity
« Long term accuracy demonstrated(<dni/fs)
¢ Short term precision demon strated (~3m/s)
* Stellar noise limit not yet detected (imay be 1-3m/s)
¢ A possible science program
e 35 nights/yr onKeck (enhanced HIR1S); 190 M and Kstars
* 100% of 2mtelescope for 800 nearest{bright F, G, I< stars
< “J echnology development to achieve <1 m/saccuracy

FxNPS

Supporting Ground -Based Programs ¢ F-8
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Radial Velocity Detection of A Plancet

¢ Mayor and Queloz (G eneva Observatory) found
radial velocity signature of planetaround 51 Peg,a
nearby G star (~13 pc away)

¢Result confirmed by Marcy and Butler (Lick
observatory)

¢Inferred properties of planet
« -0.5 jupiter mass
« 4.2 day orbital period
¢~0.05 AU orbit (inside Mercury ‘s orbit!)
<Distance from star implies 1300 K surface temperature

¢ Directdetection of this hot planct may be possible
with Palomar 1 estbed Inferferometer al 2um

Detection of a Planet Orbiting 51Pcg

51 fgg Marcy & Butler

Ty ;o - - o,
SRamans s o o mn o P AR e e 4

60.-_ -

l , 2 -
401

=
T
T I

Velocity Im/s}

T O S L O O T T PN B A S RS

5
Julian Day {»2450000)
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Microlensing

¢ Goal: Determine frequency of planets down to Earth
mass

¢ Gravitational microlensing is well-established
consequence of general relafivity '

¢ Current observations from MACIIO?* collaboration
have found 75 lenses in 1.7 years with daily
observations of 6-13 million stars

‘An observational programto defect and study Massive Compact Halo Objects
(MACHD)

Microlensing By Star With Planct

Source

Star LensStarand  Planet
/ / 1-7 kpe from Sun

R W p RO K

Sun
8 kpe |
Foo- g
3 ,,/, Tlanet
Source <’j/{4\ o e L T=0 Sun
Star ~D - N o

o \\

Lenc Star

LExNPS

Supporling Ground -Based Programs . F-10
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Example of a Gravitational Microlensing

Lvent (MACHO)

B Ty P T S o

Gravitetional Microlensing,

20 ¢ ) T 1, T e e —
} { Duration
15 ‘ MIcnS 1/’)
< |
g . . = 40 days
% o Amplitude Veloeity Uy
2o 10 L 2-10x ’
=& | range 4-100 days
z |
< 5 |
| ,
i ) -
x ll.q..’ Ny By B TREEY L, man
L, P R
560 S70 580 590

Days from 2 Jan 1992

From Aleock et al, 1995

Theoretical Model of 1.ens Star Amp]ification

(0.3M,,, ) L.ens Star at 6 kpe

sun

[ ‘ [ A 1 1T
- 10 Earth-mass planct

p Amplification by g
! planctin lensing zone z

1 Earthi-mass planct

wlification

Amy

Lensing, by star

)

- 10 -5 Cc 5 10

From Bennett and Rhie, 1995
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Lensing Zone

e ——
Lensing, Zone
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Fros Gould and Loeb, 1993

A Possible Microlensing Observing Program

¢y erve praltours e v piug i ani

i.Survey 35 million bulge stars every few nights with
southern 2-m telescope and CCDsacross2degree field
{expect 350 lenses/yr)

2. Measure brightness of lensed stars to 1%, every 1-3 hours,
expect 70 stars lensedalany instant

3. Infensive measurements of events which deviate from
smooth, singlelenscurves

¢ Results of simulated 10 yrobserving program
« <
«  Assumptions:
- Assume cach star has one planet at random location in lensing

zone

With four 2-mn telescopes will detect
- 35 Larth-mass planets, 01
- 140 Uranus-mass planets, or

- 670 Jupiler-mass planets

ExNDPS

Supporting Ground -Based Programs « }-12
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Direct Detection: Optical Imaging

3

&

Unresolved images of light from

several planets per star ( '
g .
* Repeat observations will show: @*>> CCCW))

¢ Motion of planets orbiting star

o

< Planclary system properties
Distribution of planets with distance from star
Inclinations and cccentricities of orbits

¢ Unravel radial velocity results

¢ Sun and jupiter at 10 pc: L e« @« ®

< Contrast in visible light ~10°

e Angular separation 0.5 arcsec R A
¢ Three approaches X e © @

. . . L
¢ 1IST (Adaptive Optics Coronagraph)t —————""--- - - —-
« Balloon (Coronagraphic imaging telescope)
« Ground-basced adaptive optics

Direct Detection: Ground-Based Adaptive Optics

¢ Principle of AO

¢ AO servosystem corrects
wavefront aberration of brigh
stars and any planets in
surrounding ficld

B‘M/ Je)

< AO has achieved diffraction
timit of <0.2”7 on 3-m telescopes

¢ Problem: Astronomical AO

with .-300 actuators does not [
suppress star halo sufficiently
for planet detection [zgkvsg;'om N\
OPTICAL TGO
¢ Solution: Finescale (5 cm) /
- DIFORMADLE
correction athigh speed M"[’ !
v - CONTHOI
(2k117) reduces star halo by o
. . Normal astronomical
1 00X. Requlres brlghtstars adaptive optics

EXNPS

Supporting Ground -Based Programns I 13
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Suppression of Starlight Halo with
Adaptive Oplics

Seeing,
107 Irofile

Normal AQ - Coronagraph

o
"G,
J
i
St N\ - - digh Resolution A1 Coronagreph
A - ' . -
T TSI - Speckle Noise Fesel (500 psec trame)
10787
SN Planet at 107 Star (56)
re- ’*-'-I--ﬂ L - Noise Average Atter D hours
Al

areseconds

Advanced AQO Technology

¢ Technology challenges for implementation:
o Lower cost, deformable mirror with 400 fast-acting,
clements/m?

¢ Larger format CCD wavefront sensor with improved noise
and speed performance

¢« New device for adaptive correction of intensity as well as
phase crrors
¢ Control of systematic errors so photon noise
dominates and averages out in Jong exposures
« Develop servo with clean predictable performance

e Develop inferferometric imaging 1o take advaniage of
interference signature

EXNIPS

1

Supporting G round -Based Programs . }-14
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Programfor IJevel opment, Survey and
Follow Up

¢ Verify concepts, technology and calibration at Air
Force Starfire Optlical Range testbed
¢ Build instrument to atiain 10% goal and search
~30 stars
¢ Approach ground-based limit with interferometer
using two large telescopes
¢ Uranus-like plancts at 5 AU

¢ Jupiter-like plancts around 100 stars

L

Potential for simple spectroscopy {methane)

= AO will be required for all future large-aperture imaging,
syslems {ground and space)

Simulation of Super AO Image
of Solar Svstem

Simulation for 5-hour
exposure with 6.5-m
telescope of a solar
system twin at 8 pc.
Jupiter stands ouf, 56
above the noise
background, at

2 “o’clock” posilion
and 0.6 arcsec fromthe
{(blocked) central star.

HomStahbandSand s, 195

EXNDPS Supporting Ground -Based Programns o 1-15
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ExNPS

Young Stellar Objects

i B B

¢ Where and how are planets made?
« Forming plancts will be casier to detect: larger, hotter
< Which stars have disks which make planets?
¢ How docs disk type depend on star type?
« Which disks form ice and gas giant planeis?
¢ A possible science progran:
« Upgrade mm/sub-mminterferometers to 0.1 arcsec
resolution
Detection of condensing plancts, rings and kinematics of gas
o 30-micron direct camera for large, low emissivity telescope
Luminosity of YSO disks, gaps made by planets, detect hot,
yvoung, planets
¢ iligh resolution (R=10°) IR spectrograph
Absorption lines in cool 100K disk gas where planets form
¢ Large telescope nulled interferometer with AQO
Image exo-zodiacal clouds, and direct detection of planets

Debris Disks

R P 30,2
< Debris disks replenished by colliding comets and
asleroids
¢ JRAS found many stars with >100 imes solar system zodiacal
flux
¢ Solar zodiacal 1s 300 fimes brighter than Yarth at 10 pun
= Stars with low zodiacal ave casier for Space IR Interferometer
{iess zodiacal flux -» less angular resolution, smaller mirrors,
shorter integralions)
¢ Possible program: lLarge telescope (1.BT, Keck), low
emissivity, nulling interferometer
¢ Ground-based 10 ym obscrvation of debris disks around 1000
local stars
Direct resolved measurement at few AU (SIRTE needs a model)

Interferometry with conventional AQ would detect solar
zodiacal at <15 pcin <1 hr

Suppoiting Gro und -Based’rogiamns. 1-16
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HxNI 'S

Ground Telescope Facilities

¢ NASA acquired 1/6th of Keck Observatory with the
key objective of {inding planets

¢ Use large majority of the time for JxNPS observations
« Sclect ExXNP'S instruments by peer review
¢ Usc other large telescopes when:
¢ More efficient
* Additional telescope time is needed
« Complex on-site development required
¢ Jor southern sky
¢ Smaller telescopes needed for:
< Bright star radial velocities (once 2-m telescope)
¢« Microlensing (four 2-m telescopes)

< Stellar properties (one 2-m telescope)

Hlustrative 1. arge Telescope Program

Program (Start 1996) Nights/yr  Years
Velocities of 200 stars for Jupiter-mass planets 35 1-10
Astrometry of 50 stars for Uranus-ass plancts 35 1-5
Microlensing stars (AQ images and spectra) 5 1-10
YSO .disks, hot younyg, planets 5 1-10
Direct detection of Jupiters (Advanced AQ) 15 2-5
Dircct detection of Jupiters (AQ on 2-aperture intefl) 2x15 610
Exo-zodiacal flux maps (nulled images 2%5 67

on two large telescopes)
YSO disk absorption 5 7-8
Total  75-95 nights/year
(scaled to 10 ny)

New advanced instruments: astrometric camera, 10-35 pm camera,
advanced AQ, 2-aperture interferometer, IR Yichelle spectrograph

Supporting Ground -Based Programs e }-17
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LEXNIPS

Iinhanced Theory Program

- R TN BRI, e e

¢ Understanding of carly resulis and discoveries
requires a much stronger theory program with about
{hree times more people
¢ Topics:
e Star and planct formation

¢ 1)isk structure, evolution, Jifetime

L3

Stability of stellar spectra for radial velocities

o

Stability of stellar images for astrometry

o

Interpertation of microlensing results
« Understanding connections between ExNPS observations

Can we assume that terrestrial planets exist when we see ice
gianis?

- Does strong rodiacal light mean planets are present?

Does absence of inner zodiacal light mean giant planets are
present and removed the dust?

Key Decisions in 5 Years

SR

common planct mass?

]’ What is maximum

Radial velocities | Jupiter Solar system

1 Direct images T IS common
Uranus

- Astrometry e

B —— | Improve theory of

I . YSO disks —> planets
. . Earth

Ll Microlensing SR

+ No planets detected

Lvaluation:
upgrade techniques,
or augment with other
methods, eg. photometry

Supporting Ground -Based Programs o 1-13
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1xXNPS

Supporting Space Missions

Charles Beichman

J et Propulsion l.aboratory

IXNPS Needs Supporting Space Missions

¢ Near term (10 years) missions will lay scientific and
technical foundation for the ExXNPS interferometer

¢ Characterization of exo-zodiacaldustclouds

¢ 1SO/SIRTF

e Iixo-zodiacal mapper

complements glc)uncl-based interferometer

¢ Hubble Space Telescope/balloon coronagraph

¢ Astrometric detection of planets

e Space mission (AIM) confirms and extends ground-based
results to below Uranus mass

¢ Direct detection of giant planets

o Hubble Space Telescope/balloon coronagraph
complements gremnd-based Adaptive Optics

Supporting Space Missions . G-1

10/20/95”



EXNPS Needs Supporting Space Missions
(cont’d)

¢ Characterization of our zodiacal dustcloud
¢ Zodiacal brightness at 3-5 AUdictates ExXNFPS orbit
o Understand anisotropics in zodiacal cloud
0 Mission at 3-5 AU to lest deep space techniques
¢ Science missions demonstrate critical technologies
o Cryogenic opties (§11<371)
e Passive cooling to 35 K al 3-5 AU (SIRTH)
¢ Interferometry and nulling (AIM)
o Deployable stractures (Al M)

Characterization of Exo-Zodiacal
Dust Clouds

¢ K nowledge of exo-zodiacal emission critical
o Exo-zodiacal emission makes photon noise
- Impacts telescope collecting area
s ixo-zodiacal emission swamps planetsig nal
Impacts interferometer baseline
. Exo-zodiacal structures masquerade as planets
Impacts interferometer baseline

FxNPS

Supporting Space Missions . GG-2
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Characterization of Iixo-Zodiacal
Dust Clouds (cont’d)

¢ ] Jistinguish two types of exo-zodiacal cloud s

e OQuter (Kuiper-belt) cloud
Vega, P Pictoris disks discovered by IRAS
- 20% of main sequence stars
R>50 AU, T <1001<
- Optical depth, 1~10%t010°
< Inner Cloud
Only B Pictoris disk mncasured from ground
R<30 AU, 1>200 K
Optical depth, 1 -10°(10%brighte: than oursolar system?)
Sharp discontinuity between inner and outer cloud

- Cometary dust spectrum
¢ Theory links inner and outer cloud s
¢1s inner cloudcieared by plancts?
¢ HHow does malterial of outer cloud feed inner cloud?

Disk Optical Depth:
Solar System with 3 Pictoris Jump

107 673 == -==- . 1000
j ,‘ “—Inner 1isk™ > f*b’ QOuter Disk ’1
Temp v
.
= £
& 1079 T 4100 &
\ S
Tau T \
T ]
]0_8‘1 [ Tk I I N I R [T S I e A N R AT ¢]
1 10 100 1000
Distance from star, AU
PXNPS Supporting Space Missions ¢ G-3
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Optical Depth of Outer Disks
(from 1 I{ AS)

Number

-5

Solar Sys- 1 log, tau

IRAS Limit~

B Pictoris- -

What 1S0 and SIRTF Can Do

¢ 1SO/SIRTE will probe cold, outer disks

¢ 1SO will reach 10-100x solar system dust level

¢ SIRTF may reach solar system dust level
¢ Betler resolution thanlSO
e Much betterdetectors (40 pm BIBs, 60 pm arrays)
e Critical spectroscopic information

¢ SIRTF will survey nearby stars to solar system levels

(>50 AU)

¢ SIRTY could search for outer plancts of nearest stars
¢ 2-5 Jupiter mass planets orbiting >20 AU of star within 5 pc
« SIRTY could detect free-flyins, young Jupiters to 200 pc

I-".XN]’S Supporting Space Missions ¢ G-4
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Detection of Exo-Zodiacal Emission
SIRTF at60pum (10 pc, 1 sun=1)

10 .
0 N{’xc

0o — 7
2102 H_ - Vega e
£10 i{_ Yega
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- 0 Sensitivity
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o T——___Solar System
1% el
s -1-% - ~— "
E 10 P \\\
=
—— 2 o T —

10 o .01 Solar System

T
1037% T
g0d e
10

' Star brightnessin focal plane

Sensitivity  after  star  sublraction

What SIRTF and 1S0 Won’t Do

¢ Probing the inner zodiacal clouds is difficultfor
small telescopes

e Stellar diffraction obscures disks
e Can't probe within 10-30 AU of star
¢ 1SO will do little on €MISSION from inner disks
e Small deteclor arrays with many anomalies
e May study closest stars with most massive disks (8 Pic)
¢ SIRTY will do better on inner disks, but resolution
challenged
¢ Studydown © 100x Solar System dust level
¢ Simple coronagraph co uld help reject stellar Hght

¢ Theory plus observations of massive, closest disks
will help extrapolation

1ixNI*S Supporting Space Missions . G-5
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Technological Benefits of SIRTFE

¢ Demonstration of high performance $200 pm arrays
¢ Lightweight, 1-m class optics
e Diffraction limited >6 i
¢ Radiatively cooled optics and structures
¢ I'xploits advantages (engineering and operations) of
heliocentric orbit
¢ “Yaster, better, cheaper” reduces cost by x4
e Demonstrate new ways of doing business
¢ Important precursor for Space IR Interferometer

Probing the Inner Zodiacal Cloud

¢ Need to measure 1~110-3 (BPic)to10 7 (solar system)
¢ ‘1’-200-300 K, R~1-50 AU

¢ j.arge ground-based telescopes (Keck, Gemini, MMT)
.Could map disks 10 100x solarsystem dust level

¢ Ground-based interferometers

» Could sludy systems with solar system dustlevels

.LBT, 2- Kecks operating as 10 um nulling interferomete:
¢ Exo-zodiacal mapper

¢ Could map inner 1-5 AU to 0.01-1solar sysiem dust levels

e ‘) wo 0.5-m mirrors separated by 20 meters operating as
nulling interferometer

¢ Yully cryogenic systemin JIEQ/I -2 orbit
¢ Best test of science and technology of ExNPS

ExNIPS

Supporting Space Missions ¢ G-6
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ExNPS

Detection of Iixo-Zodiacal Emission
Ground-Based Interferometer*at 10um (10 pc,l sun=1)
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= Star brightness in focalplanc
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Detection of Exe-Zodiacal Emission
Exo-Zodiacal Mapper at 10um (10 pc, Lsun=1)
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Role of Space Astrometry in EXNPS

¢ Ground-based accuracy (7-10 pas) adequate
for Uranus
e Ground or space astrometry can find ~Uranus-mass planets
° But ground-based program can be starled now
- Ifit can be done from the ground,
it will be done from the ground
before a space mission is launched
¢ Need better accuracy to detect masses below Uranus
e Space better for survey to 0.25 X Uranus
¢ Space essential for survey to find Earths

Role of Space Astrometry in IIxXNPS
(Cent’d)

@ Astromeic accuracy and the detection of planets

Baseline (m) 2 6 2(l 60
Accuracy (ias) 2 0.6 0.2 0.06
# Karths -5 ~25  ~100 -1500
# Uranus’ 1800  3500% 3500%  3500%

*Entire Gliese Catalog

FxNI*s

Supporting Space Missions . G-8
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Astrometric Interferometric Mission (Al M)

¢ AIM presently planned for wide-field 2-5 nas
astrometry
AIM will con firm and extend ~,mund-based astrometry
. Measure sub-Uranus-masses with 5-10 year lifetime
* Might measure 1-5 nearby stars for Larths
e Coulddetect 1000’s of planets
- If systems are common: taxonomy
- If systems rare: good bounds
If systems very rare:valid negative result
¢ Al M will demonstrate space interferometry
¢ Precision structures
¢ Vibration isolation

® | .aser metrology, clc.

Astrometric Interferometric Mission (AIM)
(Cent’d)

¢ Upgraded AIM could survey for Farth-mass wobbles

©10-100 improvement over Al M, < 0.5 pas
- Coulddetecl 10’s of Earth-mass planets
¢Problems include “star noise”
Stochastic differences between centers of lightand mass.
For Sun, noise is <1% of Jupitersignature.
Power spectrum of stainoise will helpunravelsignals
¢Couldhavestrong technical linkage toSpace IR
Interferometer
¢ Deployed structu re

e Nulling system

EXNIPS
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ExNIPS

Mapping Our Own Zodiacal Dust Cloud

¢ Solar system zodiacal emission critical {or EIXNPS
» Contributes noise
¢ 10 pm zodiacal emission drops by x30 al 3 AU, x150 at5 AU
¢1.5-m telescope at 5AUis equivatent {0 6-111 telescopeal TAU
¢ COBL, IRAS mapped zodiacal cloud from1AU
*Models not sensitive to density falloff beyonda few AU
Brightness at 3-5 AUnot accurately known
¢ Anisotropies (I-10%) suggestedby IRAS, COBL, Galileo
- Could masquerade as planet when scen from afar!

¢Inexpensive mission (<$50 M) could travel beyond
3 AU for in-situ measurements

Inlensity Iv), Zv/sr

L.E.J‘
}
05 l 15

Mo e

| <> (Wavelength), jun

Supporting Space Missions « (G-10

10/20/95




ExXNIPS

Visible T.ightCoronagraphs

¢H ST coronagraph req uires sophisti cated optical
system

e Could detect 10-100 Jupiters, image debris disks

“Apodizing pupil stop, spherical aberration correction
40x40 element deformable mirro1(small stroke)

High spatial frequency wavefront correction

¢ Astrophysics potential
QSO host galaxies, protostellat disks (near-1R capability)

¢ Chall enging schedule for 2002 1 .aunch

¢ Needto plan Announcement of Opportunity NOW

o Testof NASA commitment to new ways of doing business

Visible 1 .ight Coronagraphs
Direct Imaging Using HST
o T Ay siacton sun
Lo N PSD seatlering . . -
e 1 T e Jupiter x10° !
E 107 Sun %
) f‘ /
2 Jupter  #
p o ) ,""m k'\‘-\ -
5‘ 1 T ey Coe e I . .
107 w7 \ ¢ Jupiter and the Sun at 5pc distance
L 0 preczcanc. ) \\ ° Jupiter: m, = 28
' 1 v 1 v ! 1 3 ' '
o } L l ©10% optical bandwidth: 47.50-5250A
- oA T L
o7 10 | S w « 00r-yarn| ¢ Bascdon photon statistics only,
& , WEPC detection would take 39 days!
o Juptter - +l‘/ L
AR /“"V‘” ”%N.\n\w\ ‘ ¢ Adaptive Optl_cs coronagraph can
3 Syt suppress starlight and detect
e : q e e Jupiters around ncarest stars in a
05 0 Groseone) f ew hours

Supporting Space Missions . G- 11
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Visible Light Coronagraphs (cont’d)

¢ Balloon telescope offersalternative approach

» Optimized1.5-m off-axis telescope with coronagraph

Slow, high finesse Adaptive Optics and/or scattering
compensation

~ 16 hours/slarto measure upto70stars
«L.ong duration balloon flights to 30-40 km
e Back-up if 11 ST cannot be ready in time
¢ Technology demonstration for precision wavefront
control

¢ Key technology for large visible ight telescopes

ExNDPS Supporting Space Missions « (-12
10/2()/95




Road Map and
Summary of Discoveries

Charles Ilachi
Jet Propulsion 1 .aboratory

Top Level Draft Road Map
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Long Term }Horizon

Laree Aperture Telescopes? Mult S/C Interferometer? Interstettar Prohe?
High resolution Mult-pixel imaging Close-up imaging
Spuatroscopy

T'ew hundred systens imaged
and spectroscopically
chiaracterized

Science/Observation Road Map

* Fanuly portrait
* Directimag

o of systes

« Spectral Characterization
Space IR Interferometer/Spectrometer R -
\*\ -~ 1 1+ Local zodiaeal t
~N o intensity mapper
N N3 SsAU
N |
N i
N _ e
N\ A o
Ry
Ground N . Eaoodioacal disk !
ki = ! mapper
» Dircet detectiomoll Jupiter/ * Exo-rodiacal dinlc * Hndirecthadcetectionf of j :
Neptune sizeplancts(Groumd/ cluaracterization iant plamets2Wivanud ¥ ,
Telescopes/Balkloons ST | | eeevvonnnneenanaa]]? Naswolgiangpalansetsf o - 0 0 o
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. .- A
sIndirectdetecainmoff Iarge e = 7LIJ7 e

plamets (Ground Astronetr y
} and Radial Velocity )
CDick characterization
tinterferometer)

. Statisti os of Terrastrial plonets
{Micro-lensing)
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Technology Road Map

Interferometer/Spectrometer

Space Infrared

Decpeppaces telescope
operatinm

- Passivecooling to 60K

Cryoyeniaic telescope

- Metrology
- Pointing

Nulling

dterferomeetric

- Light weight
telescope

Nulblingy technigues
= Meotrologs tests

Palomar Testbed
Intetfervneter (B0

¢

SIR'EH

f

ATM

¢

Gronnd Fosrbed

Dynaminbclunaiorr of
large (>30imdbownuin
cold environment

Different Methods of Planet Characterization

Ground
Indircct

Ground
Dircct

Space
Indirect

Space
Direcl

—

At

Kadial Velocity

Astrometry

Microlensing

AQ

MI100,1 “1 Clc.cope

AIM

HST Coronagiaph

Space Interferom etry

Saturn/

Jupiter Uranus/

Mas Neptune
Mass

Palomar

L r1

Farth
Mass

New Interferometer

(Statistical Detections)

20m

¥

7,1
v

1'xNDPS
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I'xo-zodiacal Characterization

inner Cloud
<l AU M

Middle Cloud
5 AU

~:Exo~‘zodia_cal Mapper

Outer Cloud
> 10 AU

SIRTE

Solar System Solar System  Solar Syslem

Some Key Decision Points

¢ | f after5 years of ground observation no convincing
examples of planetary systems are detected, then a
photometric occultation mission might be considered
as a new element in the road map

¢ If exo-zodiacal light in neighboring systems is far
larger than our own, then the Space IR
Interferometer design will require significant change
(spectral coverage, baseline, aperture sizc)

¢ A better understanding of our own zodiacallight will
have a measurable impact on the Space IR
interferometer mission design (orbit, aperture size)

ExNPS The Road Map and Summary of 1Jiscoverices . 11-5
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Discovery/Knowledge Timeline

¢ Phase 1: Ground Based and Precursor Space Mission
Are planets common occurrences in the galaxy? How
abundant are Jupiter-class versus Neptune-class versus
Larth-class planets?

Microlensing,
Arc Jupiter-class or Neptune-class planets common around
stars near the sun?
Ground-based (AQ, radial velocity, astrometry); AIM

What is thestrength of the zodiacal glarcin others systems?

Time

1s it relatedto the presence ortypeof planetary system?
ISO/SIRTHground  interferometer
1 low does our own zodiacal glare fall off with distance from
the son? 1 low far must we goto move out of the infrared
glare?
Zodiacal mission/inodeling
What is the mass of planels around neighboring stars?
Y Al M/Ground observations

Discovery/Knowledge Timeline
L]
¢ Phase 11: Space IR Interferometer

Does the star possess plancts in the habitable zone?

Infrared  interferometer

How many stars in the solar neighborhood possess planets,
and what sorts of orbits arc they in?

Infrared  interferometer
Doesthe planet possess an atmosphere?
- IR interferometer spectroscopy of carbondioxide
IS the planct potentially capable of supportinglife?
- I R interferometer spectroscopy of water

Arc there photosynthetic forms of life widespread on the
planet?

IR interferometer spectroscopy of ozone {later nicthanc by
high-resolution spectroscopy)

EXNPS The Road Map and Surnmary of Discoveries © 11-6
10/20/95
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Discovery/Knowledge Timeline (cent’cl)

¢ Phase HI: L.ong Term 1 lorizon
What is the size of the planet? 1 Yoes the planet have moons?
lew-pixel imaging,
Isthe surface mostly land, liquid waler, or ice?
- Multi-pixel imaging

IxNIS The Road Map anti Summary of 1)iscoveries. 1-1-7
10/20/95”




implications of the Iixploration of
Neighboring Planctary Systems

Alan Dressler
Carnegic observatory -- Pasadena

The HST & Beyond Committee

¢ Chartered by AURA and the Space Telescope
Institute Council to consider possible successors to
the Hubble Space Telescope

« Two key scientific goals for space astronomy inthe
coming decades:

e (1) the direct study of the birth and evolution of galaxies like
the Milky Way

¢ (2) the detection of E,arlh-like planets and the search for
evidence of life on them
¢ Recommendations to NASA:
o Iixtend the life of the Hubble Space Telescopebeyond 200.5

< Develop and construct acooledspace observatory with 44
meter aperture, optimized for wavelengths 1-5 microns

¢ Develop the capability for spaccinterferometry

EXNPS

Implications of the Exploration of Neighboring Planctary Systems .1-1
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The Tuture

¢ Space interferometry:

o Microarcsecond astrometiic observations for fundamental
distances tostars within our galaxy and its neighbors

» imaging with milliarcsecond resolution for the study of
quasars, stellar surfaces, exotic systems like $5443, siellas
population innecarby galaxies...

¢ The legacy. of IixNPS:
¢ An cxtended search for more Larihs!

s }ligher spectral resolution studies of the atmospheres of the
planets in the habitable zone --- exploring the conditions for
life

« }ligh-resolution pictures of Earth-like planets, showing,
topography and atmosphericfeatures

s interstellar probes sent to ourmostcaptivating neighbors

ExNPS

Implications of the exploration of Neighboring Planctary Systems . 1-2
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Conclusions and
Recommend ations

Charles Elachi

Jet I'repulsion laboraiory

Conclusions

¢The exploration and characterization of neighboring
planetary systems including Earth-like planets is
feasible and within our expected technological
capability inthe next decade. There are no
technological “show stoppers”, but there are
significant engineering challenges

¢ An aggressive ground-based observation program
willallow the detection of Jupiter/Saturn/Uranus-

size Planets and is expected to provide statistics for
Liarth-size planets

¢ Planned space missions willallow characterization of
disk properties (SIRTF)and provide indirect
detection of large plancts (AIM)

ExNPS

Recommendations ¢ J-1
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Conclusions (cent’d)

¢ Planned missions and laboratory testbeds could
demonstrate the vast majority of the key technologies
for the neededinfraredspace interferometer/
spectrometer

¢ An infrared spacc interferometer/sp ectrometer will
provide

e Direct observation (family portrait) of the neighboring 150-
200 planetary systems

e Spectral characlerization of individual planets
< Capability to scarchforhabitable (Earth-like?) planets

Draft Recommendations to NASA

¢ Initiate 3 focused and aggressive ground-based
program
« Yixploit greatly increased potential fromground
- New generation of largeaperturc telescopes
- New methods to beat atmosphericdistortion (direct imaging
and astrometry)
. New method for indirect detection (microlensing)
e Capitalize em NASA invest mment in Keck, Palomar
interferometer and IRTF
s Exploif new techniques with common grm]nri/space
technology component

Direct imaging technology (Adaptive Optics, Balloon
telescope, 11S1 coronagraph)

1 ong baseline interferometric astrometry (Palomaitestbed,
advanced interferometer)

Long baseline, large-a perturcinterferometricimaging for
characterizing inner zodiacal clouds

FxNPS

Recommer dations. ]-2
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Draft Rccommendations to NASA (cont’d)

¢ Initiatca focused and aggressive ground-based
program {cont’d)
°Support new 2-m class telescopes (microlensing, radial
velocity)
o Define desired configuration of HSIcoronagraph

o lincourage competition and innovation in allaspects
- Broad opportunities, peer review
Utilize other ground facilities if they provide unique
capabilities or arecost effective
e ¥nhance ongoing Origins program
- Support broad-based researchcoveringotherparts of the
spectra (millimeter, submillimeter, ete.)

- Supportmodeling and lab efforts toprovide betterinsightin
interpreting observationaldata

Draft Recommendations to NASA (cont’d)

¢ initiate concept studies for Space interferometer to
specifically identify neceded technological/
engineering development
.involve universities and industry

¢ Conductan aggressive technology development
program
.Yorm an oversight panel of technologists/engineers to
regularly review technology activity
e Lixpand participation of universities/industry in JP1/NASA
interferometry technology
e Define and conduct needed technology development

¢ Conduct technology flight mission to characterize
full-size metering structure in spacc

¢ Invest in new breakthrough technologies that might
enable different measurement techniques

IIXNPS
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Draft Recommendations to NASA (cent’cl)

¢ Conduct phase A/B for AIM with specific ExNPS
technology needs incorporated for phase C/13 in 2000
andlaunch in 2003
¢ Develop anintegrated EXNPS/ATM/p 0st-H ST strategy
for the nextdecade
¢ Form an integrated SW G
o (“ordinate technology development with 11 S'1” Follow-on needs
¢ Acquire needed data from nearterm missions
¢ ISO/SIRTF
¢ Define 11ST coronagraph
¢Develop strategy for outreach, education, and
workshops on public interest
¢ Ixplore international partnership
* }Horizon 2000 plus (11SA), Russia, Japan

EXNIPS
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